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MISCELLANEOUS LETTER 



In reviewing the Form PTO/SB/08A accompanying the November 10, 2003 Notice of 
Allowance, it appears that the following reference: Imasaka et a/, ''Optica! 
Chromatography," Analytical Chemistry, Vol. 67, No. 11. pp. 1763-65, June 1, 1995 was 
missing from the May 23, 2002 Information Disclosure Statement. A copy of the Imasaka 
et al. reference is included herewith. Applicants request that that above-identified 
reference be considered by the Examiner such that the reference may appear on the face 
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Accelerated Articles 

Awt. Chem. 1995, $7, 1753-1765 

Optical Chromatography 

Tottro ImaMka,* YuP K*wabat*, Ta*a*rt Kmti, and Yawnorl lahktu 

Department of Chemical Science and Technology, Facufty of Engineering, Kyushu University, 
Hakozakk Fukuoka 812, Japan 



A new and potentially usdul method for separation of 
particles fay optical radiation pressure id described and 
demonstrated in tins study. A baer beam i$ focused into 
the solution, which contains particles counterflowing 
coaadaQy in a capillary. The particle is focused into the 
center line: of the laser beam by radiation pressure. The 
particle is turned around, accelerated, passed through a 
beam waist, decelerated by a liquid flow, and drifts, at 
which point the radiation ptesswe is identical to the force 
induced by the liquid flow, resulting in separation of 
particles as a function of size. 

In 1906 Tswett reported on a separation technique that is now 
generally called chromatography. 1 Classical adsorption chroma- 
tography involves the adsorption of a substance (for example, a 
dye) to the soBd support or solid phase. The adsorbed compound 
can then be elated (desorbed) from the solid support by passing 
a liquid solvent or mixture of solvents over the solid phase which 
desorba the compound from the support, thereby affecting a 
separation and purification. Chromatography has been studied 
by many researchers in the interim years and is now used almost 
universally in chemical analysis and separation science. Chro- 
matography, when used in the classical way, however, has serious 
limitations that have not yet been (and may never be) overcome. 
Some of the limitations of chromatography are as follows: (1) 
Columns must be replaced frequently in order to optimize 
separation, making the technique time coiisuming. (2) Retention 
times must be measured for a series of compounds prior to the 
analysis of an unknown sample, since it cannot be precisely 
calculated from its physical properties. (3) Resolution is limited 
by diffusion in the column and cannot be greatly improved by 
extending the separation time. (4) Biological cells and large 
molecules that are of biochemical interest are poorly separated 
by chromatography as well as by other techniques such as fieloV 

0) Pecsok, R. L; Shltld* U 0.: Cures, T.; McWilliAm. I. G. M*4<m MttHoto 
of CHtmicet AAAijtx, 2nd ei. \ John WtWy & Sons: New York, 196*. 

OW3-2700WC367- 1 76359.00/0 © 1«5 American Chwnical Society 




Flgura 1. Schematic motion oi particle. The laser beam ts 
Introduced from ths right -hand skis and the tiquid from the left-hand 
side: <A) particle Introduction; (6) focus of partida into beam center 
by gradient force: (C) acceleration of particle; <D) deceleration of 
particle; (£) particles drifting at equilibrium position. 



flow fractionation or Sow cytometry. (5) Detection efficiencies 
are well below unity. (6) The concentration detection limit is 
rather poor, even in state-of-the-art chromatographic techniques, 
such as capillary electrophoresis combined with laser fiuorometric 
detection, thus making prcconctntration a necessity, requiring 
additional instrument and time. (7) It is desirable to recover the 
sample at the same concentration that was used in the starting 
run, so that further experiments can be performed with the 
sample. ($) The sample is obtained in an eluent, usually in 
frictions, and ii in a diluted state. (9) It Is usually difficult or 

Analytical Ch&Mstry, Vol. 67, No. 11. Jun& 1, 1999 1703 
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Figure 2, Photograph of particles separated by radiation pressure. Trie partfctoa are tocafized in a line at around the mark <x) k> the 
ngrrt-hand skte. and the particles at around the mark ^ ) in the tett-hand *cte. This ayporfment used a muttfline argon laser (454.5-514.5 
nm) at 2 W and a 200»*#m-l.d. capttary at a 10 /im/s How rate. Refractive index; polymer beads, 1.59; water, t.33. 



impossible to perform in situ reactions on the compound as it 
exists in the chromatographic column. (10) Column dimensions, 
optimally, should be minimked when used as a preseparator in 
conjunction with a chemical sensor* but the columns are far too 
long for this to be achieved. 

In 1970, Ashkra reported an optical trapping technique. 7 By 
tightly focusing a laser beam, a particle with a higher refractive 
index than the medium is trapped at the focal point with radiation 
pressure. This technique is useful in the sense that a particle 
can be "held" in place and then subjected to chemical analysis in 
the micrometer region, e.g.. fluorescence measurement of dyes 
that are adsorbed on a particle.* This technique allows the 
manipulation of a single particle by complete holding like "adsorp- 
tion", though it is pOS3ible to control many particles sequentially 
by scanning the laser beam/ 

In this study, we demonstrate a new approach lor the 
separation of particles or molecules using radiation pressure by 
incomplete holding under a liquid flow. The overall technique 
affects a chromatographk^ike separation but involves principles 
that are different from classical chromatography. The approach 
is quite simple: a laser beam is focused into the solution, which 
contains substances counterilowing eoaxially in a capillary. The 
behavior of the substances is recorded by a video camera equipped 
with a microscope objective. 

RESULTS AND DISCUSSION 

The motion of the substance, a panicle in this study, under 
radiation pressure is sclicmaticalty shown in Figure I: (A) A 
particle is introduced into a capillary by a liquid flow. (B) Tlve 

(2) Ashkin. A. /?«. Utt, WO. 24, i.S6- 

(.1) Mi»wa. H : Wiiolu. M ; Sfctaki. K; Kfoow*. K.: Mw>h*n. H. CVm. 
Utt 1990. 

14) Sasaki. K: Ko*h>oJuk, M: MJ*»w». H : KJecrtwra, N.: Mwihara. If. Opt. Utt. 
1991. 1$. U63-146S 

1764 Analytic* &*trn$try, VqI 67, No. n, June 1, 1995 



particle is focused into the center tine of the laser beam by the 
gradient force.* (Q The partick ts turned around and accelerated 
by the scattering force. 5 (D) The particle is decelerated by a liquid 
flow, as the particle moves away mom the beam waist (E) The 
particle drifts when the radianou pressure becomes identical to 
the force induced by the liquid flow. A photograph of the system 
at equilibrium is shown in Figure 2. The 1- and 3?im particles 
are clearly separated from each other; the b>m particles injected 
are also separated but arc located beyond the frame of this picture 
and are not shown. These data dearly demonstrate that particles 
can be separated using this technique as a function of particle 
size. 

The present approach has unique characteristics; (1) The 
particle separation can be easily controlled by altering the beam 
focusing condition, which corresponds to a replacement of the 
column in classical chromatography. (2) The position of the 
particle can be calculated provided its physical properties, e.g.. 
size and refractive index arc known. (3) The separation resolution 
can be improved by measuring the particle position more ac- 
curately by extending the time for measurement (4) Panicles 
(or large molecules) are more easily separated, although smaller 
molecules can also be separated by using a stronger laser that is 
omitting at shorter wavelengths. (5) The separated partick is 
recorded at all times by a video camera and is detected with an 
efficiency of 1.0. (6) Separation and concentration are performed 
simultaneously with no additional instrument and time required. 
(7) The concentration of the sample recovered by interrupting 
the laser beam is identical to the original solution. (8) The 
particles are collected in order of size by decreasing the laser 
power, and the concentration can be increased. (9) A particle 
separated in the capillary can be trapped by introducing a second, 
perpendicular laser beam, thus allowing in sku chemical reactions 
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he reduced to micrometers. This technique addresses most of 

the problems and limitations of classical chromatography that are 

described above. 

There are several advanced technologies for particle separa- 
tion, such as field-flow fractionation invented by Giddings. 6 
However, optical chromatography as demonstrated herein has 
several advantages over other separation methods; for example, 
the driving force, i.e., radiation pressure and liquid flow, can be 
changed immediately and independently from outside for modi- 
fication of separation conditions. Moreover, concentration and 
separation can be performed simultaneously, and then the present 
method can be applied to diluted samples. The collection 
efficiency can. In theory, be improved to 100% by increasing the 
laser output power and by matching the laser beam diameter at 
the inlet port to the capillary inner diameter, though the efficiency 
is presently much less than 1%. The separation resolution, which 
is affected by the beam focusing conditions and the stabilities of 
the laser and liquid-flow parameters, can be improved by optimiz- 
ing conditions, though unavoidable limiting factors, e.g., based 
on a Brownian motion of the molecule in the liquid, exist It is 
noted that an irregular or opaque particle can be separated 
similarly but a light-absorbing, i.e., black, particle is beyond the 
application of this technique. 

The present method may be used in a variety of fields. A 
straightforward application might be separation of polystyrene 

(6> Gidd«g9 t I C. Anal aim. 1981,5$. 11 70A-117aA. 

(7) Rcsr/ijweiff. z.: Ycwn* E. S. AnaL Cktm. 1994, 66. 1771-177& 
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RNA_ For example, antibody-bound polymer beads are coagulated 
in the presence of antigen, so that a specific protein can be 
detected. 7 Since the present method allows the detection of 
particles at extremely low levels, in theory, a single protein 
molecule could be detected. 

The aim of the present study is not only the demonstration of 
a new separation technique but also the proposal of a new -field" 
for chemical reactions and analysis in the micrometer region. For 
example, ion cyclotron resonance (ICR) mass spectrometry (MS) 
first isolates a specific ion, which is then dissociated, e.g., by 
electron impact, to generate daughter ions that are further 
analyzed by MS, In an analogous manner, a specific molecule 
could be isolated by optical chromatography and then be optically 
trapped by a second laser. The molecule can be further reacted, 
e.g., with an enzyme introduced by an electroosmotic flow, and 
the products may be further separated and analyzed by optical 
chromatography. Thus, the present method provides for an 
ultrasensitive means for structural analysis of large molecules or 
even particles that cannot be applied to a vapor-phase experiment 
such as ICR-MS. 
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